An alcohol oxidase (AOD) was found from Aspergillus ochraceus AIU 031, and its characteristics were revealed. This enzyme oxidized short-chain primary alcohols and ethylene glycol, and belonged to the same group as AOD from methylotrophic yeast. However, it differed in the following properties. The K m value for ethanol was larger and that for ethylene glycol was smaller than those of AODs derived from methylotrophic yeasts. The ethanol oxidation was optimal at pH 5-7 and 50-55°C. The molecular mass of this enzyme was 262 kDa and consisted of four identical subunits of 68 kDa, which were much smaller than those of methylotrophic yeasts.
Introduction
The alcohol oxidase (AOD) (EC1.1.3.13) is well known as the key enzyme of the methanol metabolism in methylotrophic yeasts such as Candida and Pichia. The characteristics of those AODs and the regulation of the gene encoding AODs have been studied in detail (Couderc and Baratti, 1980; Kato et al., 1976; Ozimek et al., 2005; Tani et al., 1972 Tani et al., , 1985 . In the production of AODs by filamentous fungi, Ko et al. have recently reported that Thermoascus aurantiacus NBRC 31963 inductively produced two AODs by incubation with the pectin medium, and characteristics of both enzymes have been revealed by his group (Ko et al., 2005) . The genes showing a high homology to AODs from methylotrophic yeasts have also been isolated from a few filamentous fungi (Holzmann et al., 2002; Segers et al., 2001; Soldevila and Ghabrial, 2001 ), but their proteins have not been purified.
In the course of screening new AOD and cholesterol oxidase (CHO) (EC1.1.3.6), we recently isolated a fungal strain, which inductively produced enzymes exhibiting oxidase activity on ethanol and cholesterol, by incubation with the medium containing cholesterol as a sole carbon source. Then, we purified this AOD using CIM monolithic column chromatographies (Isobe and Kawakami, 2007) . The present paper reports the production and remarkable properties of this enzyme.
Materials and Methods
Chemicals. Cholesterol and isobutylamine were purchased from Wako Pure Chemical Industries (Osaka). Horseradish peroxidase (EC1.11.1.7) was the gift of Amano Enzyme, Inc. (Nagoya). All other chemicals used were of analytical grade and commercially available. The convection interaction media (trade name CIM) epoxy disc, CIM DEAE-8 tube, and CIM C4-8 tube monolithic columns were purchased from BIA Separations (Ljubljana, Slovenia).
Isolation of fungi. After the cultivation was enCharacterization of alcohol oxidase from Aspergillus ochraceus AIU 031 Kimiyasu Isobe, 1,  riched three times in a cholesterol medium consisting of 0.2% cholesterol, 0.1% KH 2 PO 4 , 0.2% K 2 HPO 4 , 0.3% NH 4 NO 3 , 0.02% MgSO 4 · 7H 2 O, 0.1% yeast extract and 0.1% Triton X-100, pH 6.5, fungi were isolated on an agar plate of the medium. Each isolated strain was then incubated at 30°C for 3 days in a 500-ml flask containing 100 ml of the cholesterol medium, after which a cell-free extract was prepared by disrupting the cells below 5°C for 6 min with a Multi-bead shocker (Yasui Kikai, Osaka). The oxidase activities on cholesterol, ethanol and isopropanol were then assayed using the cell-free extract. A strain exhibiting oxidase activity on cholesterol and ethanol was selected. Identification of isolated strain. A morphological characterization of the isolated strain was performed using a nutrient agar plate consisting of Czapek-Dox broth and 1.5% agar, pH 7.0 (CZA) or of 2.0% malt extract, 2% glucose, 0.1% Bacto-peptone, and 1.5% agar, pH 7.0 (MEA). The strain was incubated at 25°C, and the morphological characteristics were observed with both a compound microscope and a stereomicroscope.
Enzyme assay. AOD activity was assayed by measuring the formation rate of hydrogen peroxide at 30°C as follows. The standard reaction mixture contained 173 mmol of ethanol, 0.6 mmol of 4-aminoantipyrine, 1.94 mmol of N-ethyl-N-(2-hydroxy-3-sulfopropyl)-3-methylaniline sodium salt dihydrate, 6.7 units of peroxidase, 0.1 mmol of potassium phosphate, pH 7.0, and an appropriate amount of enzyme, in a final volume of 1.0 ml. The formation of hydrogen peroxide was spectrophotometrically followed at 30°C for 5 min by measuring the absorbance at 555 nm. One unit of enzyme activity was defined as the amount of enzyme catalyzing the formation of 1 mmol of hydrogen peroxide per min under the above conditions.
Purification of enzyme. The isolated strain was incubated at 30°C for 2 days in the cholesterol medium, and mycelia were obtained by filtration. AOD was purified from the mycelia according to the procedure of Isobe and Kawakami (2007) . Thus, 120 ml of the crude enzyme solution was prepared from mycelia of a 500-ml culture broth by disruption with glass beads, and then applied to a CIM DEAE-8 tube monolithic column (8 ml). The adsorbed enzyme was eluted by a linear gradient with 20 mM potassium phosphate buffer, pH 7.0, and 0.3 M NaCl. The eluate from this column was then applied to a CIM C4-8 tube monolithic column (8 ml), and the adsorbed enzyme was eluted by a linear gradient with 20 mM potassium phosphate buffer, pH 7.0, containing 1.5 M ammonium sulfate and 0.5 M ammonium sulfate. The active fractions from this column were then applied to a CIM isobutyl disc monolithic column (0.68 ml). The eluate from this isobutyl column chromatography was collected, and its purity was analyzed.
Other analytical methods. Protein concentration was measured with a Protein Quantification Kit (Dojindo Laboratories, Tokyo).
SDS-PAGE was performed according to the method of Laemmli (1970) , and proteins were stained with Coomassie Brilliant Blue R-250. Molecular mass was estimated by gel filtration on a TSK gel G3000SW XL column and by SDS-PAGE using molecular marker standards of Bio Rad Japan (Tokyo).
The isoelectric point was determined with an isoelectric focusing apparatus (Nippon Eido, Tokyo) under conditions of 1% Ampholine, pH 3.5-10, with a sucrose gradient at 400 V for 2 days at 4°C. One-milliliter fractions were collected, and the pH was measured at 4°C.
The amino acid sequence of the intact enzyme was determined using an Applied Biosystems gas-phase protein sequencer equipped with an on-line reversephase chromatography system for identification of PTH-amino acids.
Results

Isolation of fungi producing AOD
In the first step, 10 fungi growing on the agar plate of cholesterol medium were isolated. These isolates were then incubated in a 500-ml flask containing 100 ml of the cholesterol medium at 30°C for 3 days, and the oxidase activities on cholesterol, ethanol and isopropanol were assayed using the cell-free extract. Since one strain exhibited the oxidase activity on cholesterol and ethanol, this strain was selected and used in the following studies.
Identification of isolated strain
This selected strain grew well at 25°C, but not at 37°C. The colonies were bright yellow, and their diameters were 19-21 mm on a CZA plate and 44-47 mm on a MEA plate cultured at 25°C for 7 days. The conidiospores were spherical and rough, with a diameter range of 2.8-3.6 mm. The vesicles were spherical, and their diameter range was 12-42 mm. This strain had metula (16-22 mm long) and phialide (7.2-10.4 mm long). The cylindrical metula spread radially over the whole surface of the vesicle. The color of the conidial head was ochraceous, and its form was spherical or radial, which developed into 2 or 3 pieces cylindrical in form after a longer cultivation. The hyphae and conidiophores were white and brown, respectively. Since these results agreed well with the morphological characteristics of Aspergillus ochraceus classified by Raper and Fennel (1965) , the isolated strain was named A. ochraceus AIU 031.
Enzyme production
When this isolated strain, A. ochraceus AIU 031, was incubated in the cholesterol medium, the AOD activity reached the maximum at 2 days of cultivation, and then gradually decreased (data not shown). This strain was then incubated at 30°C for 2 days in the same medium as the cholesterol medium, except that cholesterol was replaced by the other carbon sources. This strain grew well in all these media, and AOD activity was obtained from mycelia grown in the b-sitosterol medium, but not from mycelia grown in the medium containing cholic acid or pregnenolone. Methanol, ethanol and isopropanol were also effective for production of AOD, but glycerol, glucose and malic acid were not (Table 1) .
Purification and molecular mass
The AOD was purified to an electrophoretically homogeneous state according to our previous report using three CIM monolithic column chromatographies (Isobe and Kawakami, 2007) , and the specific activity of the purified enzyme was 3.44 units/mg of protein. This purified enzyme solution exhibited absorbance maxima at around 280, 380 and 460 nm (Fig. 1) , which is characteristic of flavoproteins, suggesting that this enzyme might contain a flavin as a prosthetic group.
The molecular mass of the native and denatured enzymes was estimated to be 262 kDa on a TSK gel G3000SW XL column, and 68 kDa on SDS-PAGE, respectively (Fig. 2) . Thus, this AOD consisted of four identical subunits.
Substrate specificity and kinetic parameter
In alcohol oxidation tests, primary alcohols, such as A. ochraceus AIU 031 was incubated at 30°C for 2 days in the medium containing 0.2% indicated carbon source. The oxidase activity on cholesterol, ethanol and isopropanol was assayed under standard assay conditions. methanol, ethanol, 1-propanol and 1-butanol were oxidized at a high reaction rate, but secondary alcohols such as 2-propanol or 2-butanol were not. Among diols, ethylene glycol was also oxidized, whereas 1,2-propanediol and 1,3-propanediol were not. Glycerol and cholesterol were also not oxidized (Table 2) . These results indicate that cholesterol-oxidizing activity in the cell-free extract was not caused by this AOD, and that this enzyme might belong to the same group as AOD (EC1.1.3.13) from methylotrophic yeast.
The apparent K m values for ethanol and ethylene glycol were estimated to be 12 mM and 1.25 M, and their V max values to be 3.59 mmol/min/mg of protein and 3.64 mmol/min/mg of protein, respectively. These results indicate that ethanol and ethylene glycol were oxidized at a similar speed under the optimum conditions.
Effects of pH and temperature
The effect of pH on ethanol oxidation was assayed under standard assay conditions, except that the reaction pH was changed between 5.0 and 8.5. The maximum activity of ethanol oxidation was exhibited between pH 5.5 and 7.0 (Fig. 3A) . The pH stability was analyzed by incubating at 40°C for 20 min between pH 5.5 and 8.5. More than 90% of the enzyme activity remained between pH 6.5 and 8.5 (Fig. 3A) . The effect of temperature on enzyme activity was assayed using ethanol at pH 7.0. The maximum reaction rate was obtained at 50-55°C (Fig. 3B) . When the enzyme was incubated with 0.1 M potassium phosphate buffer, pH 7.0, at 40°C for 20 min, almost all the enzyme activity remained, and when it was incubated at 50°C for 20 min, approximately 60% of its activity was observed (Fig. 3B) .
Effects of compounds on enzyme activity
The effects of compounds on enzyme activity were assayed by adding 1 mM metals, chelating reagents, and other chemicals. Among 10 chemicals, carbonyl reagents such as hydroxylamine, phenylhydrazine and hydrazine greatly inhibited enzyme activity, whereas chelating reagents and metals had no significant influence on it (Table 3) . 
Isoelectric point
A single peak of enzyme activity at pH 5.35 was observed after isoelectric focusing with carrier Ampholine, pH 3.5-10.
NH 2 -terminal amino acid sequence
The NH 2 -terminal sequence of the intact protein was found to be T I P E E V D I I I X G G G S S G X V P A G, which exhibited high similarity to those of AODs from methylotrophic yeasts (Fig. 4) .
Discussion
Here we revealed certain properties of AOD from A. ochraceus. This enzyme was a flavoprotein that efficiently oxidized short-chain primary alcohols. In addition, more than 50% of the amino acids were identical to the AODs from methylotrophic yeasts in 22 residues from the NH 2 -terminus, although the percentage to the yeast AODs was lower than that to the putative AODs from filamentous fungi as shown in Fig. 4 . Furthermore, the FAD-binding motif of GXGXXG that occurs in all AODs from methylotrophic yeasts and filamentous fungi was also confirmed in the amino acid position 12-17 of the AOD from A. ochraceus, namely GGGSSG. Thus, the AOD from A. ochraceus might belong to the same group as AOD (EC1.1.3.13) from methylotrophic yeasts. However, AOD from A. ochraceus differed from AODs of methylotrophic yeasts in the following properties as shown in Table 4 . The K m value for ethylene glycol was smaller than that of AODs from Candida sp. and Pichia pastoris (Isobe and Nishise, 1994) , and that for ethanol was larger than that of AODs from C. boidinii (Tani et al., 1972) , H. polymorpha (presently named P. angusta; Kato et al., 1976) and Kloeckera sp. (presently named C. boi-2007 Alcohol oxidase from Aspergillus ochraceus 181 Fig. 3 . Effects of pH and temperature on activity and stability of AOD from A. ochraceus AIU 031.
A) Effects of pH: Reaction rate for ethanol oxidation was assayed under standard conditions except for pH (closed circles). The pH stability was assayed under standard assay conditions after heating at 40°C for 20 min at indicated pH (open circles). Percentage of remaining activity was obtained by ratio to activity without heating. B) Effects of temperature: Reaction rate was assayed under standard assay conditions except for reaction temperature (closed circles). Heat stability was assayed under standard assay conditions after heating with 0.1 M potassium phosphate buffer, pH 7.0, for 20 min at indicated temperature. Percentage of remaining activity was obtained by ratio to activity without heating. Effects of chemicals and metals were assayed under standard assay conditions with 1 mM chemicals or metals. Relative activity was obtained as percent of enzyme activity without chemicals.
dinii; Tani et al., 1985) . The apparent K cat for the ethylene glycol oxidation was greater than that for the yeast AODs. The enzyme from A. ochraceus efficiently oxidized ethanol at pH 5.5-7.0, while the optimum pH ranges of the yeast AODs were pH 7-9. The optimum temperature range of AOD from A. ochraceus was 50-55°C, while that of the yeast AODs was around 30-45°C. The molecular mass of the enzyme from A. ochraceus was 262 kDa and consisted of 4 identical subunits of a 68-kDa molecular mass, while that of the yeast AODs was 680-700 kDa with 8 identical subunits of 78-84 kDa. Thus, the molecular mass of AOD from A. ochraceus was much smaller than that of the yeast AODs. These results indicate that AOD from A. ochraceus was significantly different from AODs from methylotrophic yeasts.
Recently, intra-and extracellular AODs were purified from T. aurantiacus grown on the medium containing pectin, and their properties were revealed (Ko et al., 2005) . The intracellular AOD of this fungus was 320 kDa with 4 identical subunits of 75 kDa, and the extracellular AOD was a heterooligomeric enzyme with a molecular mass of 560 kDa. The AOD from A. ochraceus was close to intracellular AOD rather than Isobe and Nishise (1994) . The (i) and (e) indicate intraand extracellular enzymes, respectively. the extracellular AOD, but AOD from A. ochraceus was different from the intracellular AOD in the following characteristics. The molecular mass of AOD from A. ochraceus was smaller than that of the intracellular AOD. The substrate specificity of AOD from A. ochraceus was broader than that of the intracellular AOD. Its optimum pH range and pI also differed from those of the intracellular AOD (Table 4) . Thus, AOD from A. ochraceus was also significantly different from AODs produced by T. aurantiacus.
It is well known that AOD is the key enzyme of the methanol metabolism in methylotrophic yeasts such as Candida and Pichia. Recently, it was also reported that T. aurantiacus inductively produced AODs to decompose methanol and aromatic alcohols derived from pectin or lignin, although this strain could not grow well in methanol medium. In the case of A. ochraceus AIU 031, this strain grew well in methanol medium and AOD was inductively produced. These results indicate that AOD from A. ochraceus also takes part in the methanol metabolism. This strain also inductively produced AOD by incubation with the medium containing cholesterol, b-sitosterol or isopropanol, but not by incubation in the medium containing cholic acid, pregnenolone, glycerol, glucose or malic acid. These results indicate that the side chain from the 17 position of cholesterol might contribute to induce this AOD, but the relationship between the cholesterol metabolism and the AOD production has not been clarified. Further studies on enzymes and products in the cholesterol metabolism of A. ochraceus are now in progress.
